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Description 

Field of the Invention 

The invention relates generally to hard disk drive 
memory storage devices lor computers. More particu- 
larly it relates to disk drive apparatus and to a method 
for writing servotrack information therein. More specifi- 
cally it relates to alleviating the need for a complex me- 
chanical and/or optical positioning system to establish 
servopatterns on the recording surfaces of the recording 
media. 

General Background Art Relating to Self-servowritinq 

As described in International Patent Application, 
WO 94/11864, increased levels of storage capacity in 
floppy and hard disk drives are a direct result of the high- 
er track densities possible with voice-coil and other 
types of servo positioners as well as the ability to read 
and write narrower tracks by using, for example, mag- 
netoresistive (MR) head technology. Previously, low 
track density disk drives were able to achieve satisfac- 
tory head positioning with leadscrew and stepper motor 
mechanisms. However, when track densities are so 
great that the mechanical error of a leadscrew-stepper 
motor combination is significant compared to track-to- 
track spacing, an embedded servo is needed so that the 
position of the head can be determined from the signals 
it reads. 

Conventional hard disk manufacturing techniques 
including writing servotracks on the media of a head disk 
assembly (HDA) with a specialized servowriter instru- 
ment. Laser positioning feedback is used in such instru- 
ments to read the actual physical position of a recording 
head used to write the servotracks. Unfortunately, it is 
becoming more and more difficult for such servowriters 
to invade the internal environment of a HDA for servow- 
riting because the HDAs themselves are exceedingly 
small and depend on their covers and castings to be in 
place for proper operation. Some HDAs are the size and 
thickness of a plastic credit card. At such levels of mi- 
crominiaturization, traditional servowriting methods are 
inadequate. 

Conventional servo-patterns typically comprise 
short bursts of a constant frequency signal, very pre- 
cisely located offset from a data track's center line, on 
either side. The bursts are written in a sector header ar- 
ea, and can be used to find the center line of a track. 
Staying on center is required during both reading and 
writing. Since there can be between seventeen to sixty, 
or even more, sectors per track, that same number of 
servo data areas must be dispersed around a data track. 
These servo-data areas allow a head to follow a track 
center line around a disk, even when the track is out of 
round, as can occur with spindle wobble, disk slip and/ 
or thermal expansion. As technology advances provide 
smaller disk drives, and increased track densities, the 



placement of servo data must also be proportionately 
more accurate. 

Servo-data are conventionally written by dedicated, 
external servowriting equipment, and typically involve 
5 the use of large granite blocks to support the disk drive 
and quiet outside vibration effects. An auxiliary clock 
head is inserted onto the surface of the recording disk 
and is used to write a reference timing pattern. An ex- 
ternal head/arm positioner with a very accurate lead 

io screw and a laser displacement measurement device 
for positional feedback is used to precisely determine 
transducer location and is the basis for track placement 
and track-to-track spacing. The servo writer requires a 
clean room environment, as the disk and heads will be 

18 exposed to the environment to allow the access of the 
external head and actuator. 

United States Patent No. 4,414,589 to Oliver et al. 
teaches servowriting wherein optimum track spacing is 
determined by positioning one of the moving read/write 

20 heads at a first limit stop in the range of travel of the 
positioning means. A first reference track is then written 
with the moving head. A predetermined reduction 
number or percentage of amplitude reduction X%, is 
then chosen that is empirically related to the desired av- 

25 erage track density. The first reference track is then read 
with the moving head. The moving head is then dis- 
placed away from the first limit stop until the amplitude 
of the first reference track is reduced to X% of its original 
amplitude. A second reference track is then written with 

30 the moving head and the moving head is then displaced 
again in the same direction until the amplitude of the 
second reference track is reduced to X% of its original 
value. The process is continued, writing successive ref- 
erence tracks and displacing the moving head by an 

35 amount sufficient to reduce the amplitude to X% of its 
original value, until the disc is filled with reference 
tracks. The number of reference tracks so written is 
counted and the process is stopped when a second limit 
stop in the range of travel of the positioning means is 

40 encountered. Knowing the number of tracks written and 
the length of travel of the moving head, the average 
track density is checked to insure that it is within a pre- 
determined range of the desired average track density. 
If the average track density is high, the disc is erased, 

45 the X% value is lowered and the process is repeated. If 
the average track density is low, the disc is erased, the 
X% value is increased and the process is repeated. If 
the average track density is within the predetermined 
range of the desired average track density, the desired 

so reduction rate X%, for a given average track density, has 
been determined and the servo writer may then proceed 
to the servo writing steps. 

Unfortunately, Oliver et al. do not disclose how to 
generate a clock track using the internal recording data 

55 heads, as this is achieved by an external clock head. 
Oliver also do not teach how to determine the track 
spacing during propagation. This results in the require- 
ment of writing an entire disk surface and counting the 
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number of written tracks to determine the track spacing. 
Further, Oliver et al. do not examine the variation in the 
plurality of heads with the disk drive to set the track pitch 
accordingly. Finally, Oliver et al. do not teach how to limit 
the growth of errors during the radial propagation 
growth. 

As also described in International Patent Applica- 
tion W094/11864, a method for writing a servo-pattern 
with a disk drive's own pair of transducers is described 
in United States Patent 4,912,576, issued March 27, 
1 990 to Janz. Three types of servo-patterns are used to 
generate three-phase signals that provide a difference 
signal having a slope that is directly proportional to ve- 
locity. Servo-patterns that are substantially wider radial- 
ly than the nominal track-to-track separation are possi- 
ble. This helps improve readback amplitudes, and thus 
servo performance. Janz observes that the signal level 
from a transducer is a measure of its alignment with a 
particular pattern recorded on the disk. If the flux gap 
sweeps only forty percent of a pattern, then the read 
voltage will be forty percent of the voltage maximum ob- 
tainable when the transducer is aligned dead-center 
with the pattern. Janz uses this phenomenon to straddle 
two of three offset and staggered patterns along a cen- 
terline path intended for data tracks. 

In a preferred process, Janz reserves one side of a 
disk for servo and the other side for data. The disk drive 
includes two transducers on opposite surfaces that 
share a common actuator. To format an erased disk for 
data initialization, a first phase servo is written on the 
servo side at an outer edge. The transducers are then 
moved-in radially one half of a track, as indicated by the 
first phase servotrack amplitude, and a first data-track 
is recorded on the data side. The transducers are again 
moved-in radially one half of a track, this time as indi- 
cated by the first data-track amplitude, and a second 
phase servotrack is recorded on the servo side. The 
transducers are again moved-in radially one half of a 
track, as indicated by the second phase servotrack am- 
plitude, and a second data-track is recorded on the data 
side. The transducers are moved-in radially another one 
half of a track, as indicated by the second data-track 
amplitude, and a third phase servotrack is recorded on 
the servo side. The transducers are moved-in radially 
one half of a track, as indicated by the third phase ser- 
votrack amplitude, and a third data-track is recorded on 
the data side. This back-and-forth progress is repeated 
until the entire two surfaces are written. If too few or too 
many tracks were thus written, the disk is reformatted 
once more, but with a slight adjustment to step inward 
slightly more or slightly less than one-half a track width, 
as appropriate. Once the disk drive has been formatted 
with an entire compliment of properly spaced servo- 
tracks, the data-tracks have served their purpose and 
are erased in preparation for receiving user data. 

Unfortunately, the method described by Janz con- 
sumes one entire disk surface for servotracks and re- 
quires two heads working in tandem. Track-to-track bit 
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synchronism is also not controlled, and seek times to 
find data between tracks would thus be seriously and 
adversely impacted. Transducer flying height variations 
and spindle runout that occur within a single revolution 
5 of the disk, and media inconsistencies can and do cor- 
rupt radial position determinations that rely on a simple 
reading of off -track read signal amplitudes. Prior art 
methods are inadequate for very high performance disk 
drives. 

io IBM Technical Disclosure Bulletin, Vol. 33, No. 5 
(October 1 990) entitled "Regenerative Clock Technique 
For Servo Track Writers" suggests servo writing of a 
head/disk assembly after the covers are in place by 
means of the product head and without the use of an 

15 external position encoder disk. A single clock track is 
written at the outer diameter and divided into alternate 
A and B phases. The head is than stepped inwards half 
a track at a time using each phase alternately as a 
source of clock information from which servo informa- 

20 tion in the servo sectors preceding each data field and 
further clock signals in the alternate phase can be writ- 
ten. The half track steps ensure that the previously writ- 
ten clock information can be read. The technique dis- 
penses with a dedicated servo writer clock head and as- 

25 sociated mechanisms. 

International Patent Application No. W094/11864 
teaches a hard disk drive comprising a rotating disk with 
a recording surface, a transducer in communication with 
the surface and servo-actuator means for radially 

30 sweeping the transducer over the surface, a variable 
gain read amplifier connected to the transducer, an an- 
alog to digital converter (ADC) attached to the variable 
gain amplifier, an erase frequency oscillator coupled to 
the transducer for DC erasing of the disk surface, a 

35 memory for storing digital outputs appearing at the ADC, 
and a controller for signaling the servo-actuator to move 
to such radial positions that result in transducer read 
amplitudes that are a percentage of previous read am- 
plitudes represent in the digital memory. Bit-synchro- 

40 nism between tracks is maintained by writing an initial 
clock track with closure and then writing a next clock 
track including a regular sequence of clock bursts a half- 
track space offset such that the initial clock track can be 
read in between writing clock bursts and the read signal 

45 is used to frequency-lock an oscillator which is used as 
a reference for the writing of clock bursts of the next 
track. A checkerboard pattern of clock bursts is thus cre- 
ated. All subsequent tracks are built incrementally by 
stepping off a half of a track from the last track written, 

50 which comprises clock bursts, and writing a next new 
sequence of clock bursts that interlace with the previous 
track's clock bursts. 

Background Art Specific to Radial Self -propagation 

55 

The process of disk file servowriting using only the 
internal recording transducer and product actuator, re- 
ferred to as self-servowriting, involves a combination of 
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three largely distinct sub-processes, writing and reading 
magnetic transitions to provide precise timing, position- 
ing the recording transducer at a sequence of radial lo- 
cations using the variation in readback signal amplitude 
as a sensitive position transducer, and writing the actual 
product servopattern at the times and radial locations 
defined by the other two processes. The present inven- 
tion addresses significant shortcomings of the radial po- 
sitioning process, referred to here as self-propagation, 
as previously described in the prior art, specifically U.S 
patent No. 4,414,589 by Oliver, et al., International Pat- 
ent Application WO 94/11864 by Cribbs et al., as well 
as the above mentioned related U.S. Patent Application 
Serial No.08/028,044 by Chainer et al. which has not 
been duly available. TW 256917, based on that appli- 
cation, has not been published before the priority date 
of the present application. The concept of self-propaga- 
tion as applied to disk file servowriting, while promising 
very substantial benefits with regard to servowriting cost 
(as pointed out in the 1 983 U.S patent No. 4,414,589 by 
Oliver, et al. for example and which is reflected in the 
preambles of claims 1 and 3), has not yet been com- 
mercially realized. 

Briefly, the shortcomings in previously described 
techniques are associated with lesser accuracy in the 
placement of the servopatterns as compared with con- 
ventional servowriting. The requirements for ever closer 
track spacing in disk files makes highly accurate ser- 
vopattern writing a necessity. The cost advantages of 
self-propagation are not sufficient to supplant conven- 
tional servowriting without addressing and solving the 
problem of servopattern inaccuracy. Two factors con- 
tribute to reduced servopattern accuracy when using 
self-propagation; error compounding and higher levels 
of random mechanical motion. In conventional servow- 
riters the radial positioner is an external device that af- 
fords stable location of the recording transducer by vir- 
tue of its relatively high mass and stiff attachment to a 
large granite block that has minimal vibration. Random 
mechanical motion of the recording transducer is there- 
fore kept very small, and the track shapes defined by 
the servopatterns are almost perfectly circular. Errors 
that do occur are totally uncorrelated from track to track, 
so compounding is never a consideration. Average track 
to track spacing is accurately maintained through the 
use of a laser displacement measurement device. In 
self-propagation, the radial position signal that is used 
to servo-control the actuator is derived from measure- 
ments of the readback amplitude of patterns that were 
written during a previous step. An error in one step of 
the process can affect the position of the recording 
transducer on the next step so it is essential that the 
compounding effects of a very large number of steps be 
considered. 

A simple solution is to use only weak servo control 
so that radial placement errors are averaged out rather 
than dynamically tracked. This is the approach de- 
scribed in Chainer et al.. This is also implicit in the patent 
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of Oliver et al., where the propagation pattern is physi- 
cally overwritten at each step. This means that the read- 
back amplitude cannot be determined at the time of writ- 
ing, hence the servo controller must be essentially free 
5 running with no ability to dynamically adjust to the pat- 
tern. However, random mechanical motion may be kept 
small only by using a very tight servo control. Thus, elim- 
ination of error compounding comes at the expense of 
higher random mechanical motion, thus making this so- 
J0 lution unattractive. Also, the use of a low bandwidth ser- 
vo requires long times for stepping and settling to the 
proper location, leading to increased servowrite times 
and higher cost. 

In Cribbs et al. there are suggestions that the servo 
is control does dynamically track the written pattern edg- 
es, but there is no discussion of how this affects error 
compounding. In fact, they describe a refinement to re- 
duce "hunting" and "dithering" of the actuator that most 
likely arises from just such a compounding effect. In fur- 
ther discussion below it will become apparent that this 
refinement merely hides the presence of excessive error 
compounding during the servowrite process, rather than 
actually eliminating it. 

Servopattern errors of different types have varying 
degrees of importance with regard to ultimate disk file 
performance. The absolute radial position of each track 
on the disk needs to be controlled only moderately well 
since regular updates of track count are available, even 
during high speed seeking between tracks that are far 
apart. Similarly the average track spacing in absolute 
units is not especially tightly constrained. There is a 
maximum absolute spacing such that the desired 
number of data tracks be contained between the inner 
and outer mechanical stops of the actuator, but as long 
as the recording transducers of the disk file are narrow 
enough the spacing could be less than this maximum 
with no ill effects. Thus, it is not the absolute spacing 
that is critical, but rather the relative spacing as com- 
pared to the recording transducer The techniques de- 
scribed in Chainer et al. for determining the widest head 
within a disk file and using measurements from that 
head to set the track spacing for all heads are generally 
effective for ensuring that the average track spacing 
meets the necessary criteria. However an unforeseen 
problem with regard to the determination of the ideal am- 
plitude reduction factor to use for a servo control refer- 
ence during self propagation has arisen with the intro- 
duction of recording transducers in which the read and 
write elements do not coincide. A need exists for a meth- 
od to compensate for misalignment of these two ele- 
ments such as arises from variations in normal manu- 
facturing, as well as changes in their relative alignment 
with respect to disk tracks when a rotary form of actuator 
is used to position the recording transducer. 

While it is desirable that the track shapes be rea- 
sonably close to circular in shape, the disk file servoac- 
tuator will repeatably follow moderate amounts of devi- 
ation so that data tracks will be read back on the same 
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trajectory as they were written. Thus, as long as adja- 
cent tracks are distorted similarly, absolute circularity 
need only be maintained within fairly coarse bounds, de- 
termined by a desire to limit the repeatable motion of the 
actuator to roughly one head width or so, as opposed to 
readback mis-registration concerns which require a limit 
of a small fraction of the head width. 

The most important consideration for servopattern 
accuracy is local track to track spacing, referred to as 
track squeeze, since a prime requirement in disk files is 
that adjacent tracks be everywhere separated by some 
minimum spacing. This ensures that adjacent track in- 
formation will not be detected on readback (this causes 
data read errors) and, even more importantly, that adja- 
cent track data will never be overlapped excessively 
during writing since this could result in permanent loss 
of user data. Track squeeze is determined by the radial 
separation between adjacent track locations as defined 
by the product servopattern written on each track and 
at each angular location around the disk. In other words, 
the detailed shape of each track relative to its neighbors 
must be considered, not just the track to track distance 
averaged around the whole disk. This is because the 
servo-control of the actuator during actual file operation 
is capable of following distortions from perfect circularity 
and will produce misshapen data tracks. The data tracks 
do not exactly match the servopattern track shapes be- 
cause the servo loop follows accurately only up to a lim- 
ited frequency, but it is a reasonably good approximation 
to simply take them as being identical. The general ar- 
guments that follow are unaffected by this level of detail, 
but one would wish to include this effect when determin- 
ing a precise product specification for track squeeze. 

In setting the minimum allowable spacing, one must 
take into account the existence of random fluctuations 
about the desired track location (as defined by the ser- 
vopattern) that result from mechanical disturbances dur- 
ing actual file operation. One of the largest sources of 
disturbance is the turbulent wind blowing against the ac- 
tuator from the spinning disks. The total amount of fluc- 
tuation, referred to as TMR (for track mis-registration), 
defines a relevant scale for judging the required accu- 
racy of servopattern placement. If servopattern errors 
are roughly equal to or greater than the TMR then a sub- 
stantial fraction of the track spacing margin will be re- 
quired as compensation, leading to a reduction in total 
disk file data capacity. Once the servopattern placement 
errors are less than about half the TMR, however, further 
reduction does not provide much improvement in total 
data capacity. The random mechanical motion that re- 
sults when a very low bandwidth servo is used, is ob- 
served to be roughly 5 times greater than the TMR ex- 
perienced during file operation. Clearly, the use of such 
a servo loop during self propagation would result in un- 
acceptably large errors. 

Self -propagation patterns consist of bursts of tran- 
sitions located at intervals around the disk surface. The 
edges of the bursts comprise a set of points that define 
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a track shape that the servo controller will attempt to 
follow on the next step of the process. Thus, errors in 
the transducer position during the writing of the bursts 
appear as distortions away from a desired circular track 

5 shape when the actuator is subsequently moved out- 
ward to servo off the edges of the bursts. Sensing this 
non-circular trajectory during the next burst writing step, 
the servo controller moves the actuator in an attempt to 
follow it. This causes the new bursts to be written at lo- 

10 cations that reflect (via the closed-loop response of the 
servo loop) the errors that were present on the preced- 
ing step together with additional errors arising during the 
present step. Each additional step in the process there- 
fore carries forth a "memory" of all preceding track 

75 shape errors. This "memory" depends on the detailed 
closed-loop response of the the servo loop. Effects that 
result in track shape errors include random mechanical 
motion as well as modulation in the width of the written 
track that may come from variations in the properties of 

20 the recording medium or in the flying height of the trans- 
ducer. These modulation effects are typically small com- 
pared to the total data track width but are often very re- 
peatable from track to track and can grow to very sub- 
stantial levels if compounded repeatedly. Uncontrolled 

25 growth of such errors can lead to excessive amounts of 
absolute track non -circularity. In some cases error com- 
pounding can lead to exponential growth of errors. All 
error margins will then be exceeded, and the self-prop- 
agation process itself will likely fail. 

30 in Cribbs et at. written track width modulation arising 
from flying height variations is described as a source of 
track shape error that impacts the self -propagation proc- 
ess. A procedure is outlined in which three extra revo- 
lutions of the disk are used to smooth the servo error 

35 control signals so as to reduce "hunting" and "dithering" 
of the servo actuator before each step of writing propa- 
gation bursts. It is unlikely that track width modulation 
large enough to detect as excessive "hunting" could oc- 
cur within any one step of burst writing, especially since 

40 width modulation is a secondary effect as compared to 
on-track readback modulation, and a preliminary step in 
their process is to reject all disk files having excessive 
on-track modulation. It is more likely that, in accordance 
with our experiences and detailed analysis, intrinsic 

45 width modulation typically appears at the level of only a 
few percent of the track width, but grows through error 
compounding to much larger levels. It is also clear that 
a signal that is discernible in the position error signal of 
a high gain servo loop is indicative of an underlying track 

50 shape error that is far greater than the error signal itself. 
This follows from the fact that the position error signal 
is merely the residual part of the underlying track shape 
error that the servo loop was unable to follow. The pro- 
cedure of adjusting the target amplitudes while track fol- 

55 lowing so as to smooth the position error signal is one 
in which the underlying track shape error is merely hid- 
den, not eliminated. Below, we show that the detailed 
response of the servo loop is critical to understanding 
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the problem of error compounding. Adjustments of the 
target amplitudes as described by Cribbs et al. may work 
to limit error growth with some types of servo loops, but 
since no specification of servo response is given, the 
issue is left to chance. Even if the smoothing were to 
work, the solution is unattractive in that three extra rev- 
olutions of the disk are required at each step in the proc- 
ess. This doubles the servowrite time, and raises the 
cost. 

As mentioned above, self -propagation suffers from 
higher levels of random mechanical motion than con- 
ventional servowriters having massive external posi- 
tioning devices. Random mechanical motion can be 
lowered through the use of a high gain servo loop, but 
this leads to error compounding. A method for reducing 
servowriting errors arising from random mechanical mo- 
tion to levels below that of the operating file TMR is high- 
ly desireable. As described above, servopattern errors 
larger than this increase the required space between da- 
ta tracks, hence they result in lower disk file capacity. 
None of the prior art teaches about the problem of ran- 
dom mechanical motion resulting in reduced disk file ca- 
pacity, or the relationship between random mechanical 
motion and error compounding, or even about error 
compounding by itself. 

US-A-3,881 ,184 discloses an adaptive digital servo 
system which comprises a track position profile se- 
quencer for generating a sequence of binary position 
signals, a track correction profile sequencer for gener- 
ating a sequence of binary correction signals, where 
there exists a correction signal in the track correction 
profile sequencer for each position signal in the track 
position profile sequencer, a present position decoder 
for generating a binary signal indicative of the actual po- 
sition of the member being moved and controlled by the 
servo system, an error generator for comparing the 
commanded position signal from the track position pro- 
file sequencer and the actual position signal to generate 
a binary error signal, a combination means for combin- 
ing the generated error signal with the correction signal 
associated with the position signal used to generate the 
error signal to form a controlled signal for controlling the 
actuator of the servo system, a track correction profile 
generator for extracting the repeatable error component 
from the error signals being generated by the error gen- 
erator, and updating means for modifying the correction 
signals associated with the position signals presently 
controlling the servo system by a correction signal gen- 
erated from the repeatable error component extracted 
from the error signals by the track corrector profile gen- 
erator. 

Summary of the Invention 

It is a principal object of the present invention to pro- 
vide a method by which self-propagated servopattern 
track shape errors can be kept from growing during the 
self -servowriting process. 



If is another object of the present invention to pro- 
vide a method by which the unavoidable random errors 
due to mechanical motion of the recording transducer 
during the servowrite process can be effectively can- 
s celled in their effects upon the final product servopat- 
tern, thereby resulting in higher accuracy track shape 
definition than any other method of servowriting. 

Another object of the present invention is to provide 
a method to compensate for misalignment of the read 
and write elements of a dual-element recording trans- 
ducer so that a desired track spacing may be estab- 
lished and maintained through the self-propagation 
process. 

A further object of the present invention is to keep 
the servowriting time as short as possible thereby low- 
ering cost. 

Use of the position error signal recorded during the 
write process to dynamically correct for position errors 
as they are being written in the ultimate product ser- 
vopattern. 

This requires that the written servopattern have the 
property that it can be modulated in a controllable way. 
The technique involves applying timing shifts to either 
an amplitude burst or phase encoded servopatterns to 
accomplish this cancellation of written-in radial position 
errors. 

A similar correction must be applied to the ampli- 
tude burst propagation pattern in order to prevent the 
propagation servo loop from attempting to follow the 
track shape error on the next step (which would then 
result in an image of it being transferred to the product 
servopattern, i.e. it would merely appear one step later). 
The correction can be applied to the amplitude burst 
propagation pattern simply by modifying the reference 
amplitude values used by the servo loop (referred to as 
target values by Cribbs et al.) before stepping to reflect 
the position error signal as detected during the write. By 
pre-compensating the reference amplitudes to account 
for the known position error during the write, the servo 
loop will register no error as it follows a smooth trajec- 
tory. This bears a superficial resemblance to the servo 
error smoothing refinement described by Cribbs et a!, 
but differs in both form and function in ways that shall 
be made apparent in the following discussion. The ad- 
vantage provided by this error cancellation is that pat- 
terns servowritten in this way will have greatly reduced 
random shape errors from track to track. 

Thus in accordance with the invention a method for 
and an apparatus servowriting a rotating disk is claimed. 

Description of the Drawings 

Figure 1 is a block diagram showing the major ele- 
ments of an embodiment of the present invention. 

Figure 2 is a diagram illustrating the relationship be- 
tween the propagation tracks, disk sectors and propa- 
gation bursts. 
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Figure 3 is a flow diagram illustrating the basic proc- 
ess steps for one embodiment of the present invention. 

Figure 3A is a flow diagram of a process for com- 
puting propagation parameters. 

Figure 4 A shows the relationship of properly placed 
and mis-positioned propagation bursts with respect to a 
desired track. 

Figure 4B is an illustration of a servo loop showing 
how the signals from bursts as shown in figure 4A are 
combined to form a position error signal. 

Figure 5 is a flow diagram illustrating the basic proc- 
ess steps for an alternative embodiment of the present 
invention with many of the process steps being the same 
as in figure 3. 

Figure 6A is a plot of the magnitude of the closed 
loop servo response for a PID servo control loop having 
parameter values that result in the closed loop response 
being less than one at multiples of the disk rotation fre- 
quency of 90 Hz. 

Figure 6B is a plot of the magnitude of the closed 
loop servo response for a PID servo control loop having 
parameter values that result in the closed loop response 
being greater than one at twice and three times the disk 
rotation frequency of 90 Hz. 

Figure 7 A is a plot of the 180 Hz Fourier component 
of the track non -circularity as measured for a self -prop- 
agation experiment using servo parameters as shown 
in figure 6A together with a diagram illustrating the ac- 
tual track shapes in which the outermost track corre- 
sponds to propagation step 60. 

Figure 7B is a plot of the 180 Hz Fourier component 
of the track non-circularity as measured for a self -prop- 
agation experiment using servo parameters as shown 
in figure 7B together with a diagram illustrating the ac- 
tual track shapes in which the outermost track corre- 
sponds to propagation step 60. 

Figure 8A is an enlarged, schematic diagram of a 
recording transducer in which the read and write ele- 
ments are at separate positions. 

Figure 8B is an idealized plot of the normalized 
readback amplitude versus off-track position that would 
be obtained for a recording transducer such as that 
shown in figure 8A. 

Figure 9 is a diagram showing the locations of the 
various propagation bursts in relation to user data tracks 
and showing a read element positioned such that it 
yields equal readback amplitudes for an A and a D prop- 
agation burst. 

Figure 1 0A is a plot of the nominal average refer- 
ence value versus propagation step number obtained 
for a self-propagation experiment using a recording 
transducer having separate read and write elements as 
shown in figure 8A in which adjustments to the nominal 
average reference value were made by periodically 
backing up and measuring the average relative burst 
amplitude at the A=D servo position. 

Figure 1 0B is a plot of the average relative burst 
amplitudes obtained during the same experiment as 
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shown in figure 10A illustrating the accuracy with which 
the track spacing is held constant. 

Figure 11 A is a diagram illustrating the relative lo- 
cations of A and B bursts in a two-burst amplitude ser- 
5 vopattern together with the sector ID field and showing 
the read element centered on the data track location. 

Figures 11 B to 11 F illustrate the various signal 
waveforms associated with the gated integrator type of 
product servopattern demodulator. 
10 Figure 1 2 is a block diagram showing the circuit el- 
ements associated with the gated integrator type of pat- 
tern demodulator. 

Figure 13A illustrates the same features as figure 
11 A for a two-burst amplitude servopattern but with the 
15 A burst displaced radially as occurs for written-in TMR 
errors. 

Figures 1 3B to 1 3F illustrate the same signal wave- 
forms as in figures 11 B to 1 1 F but for the erroneous ser- 
vopattern burst location of figure 13A. 

Detailed Description of the Preferred Embodiments 

Figure 1 shows the major components of a pre- 
ferred embodiment of the present invention. A disk drive 
20 with its recording transducer 22, voice coil actuator 
24, recording medium 26, servopattern demodulator 27, 
and read/write control electronics 28, is connected to a 
time delay unit 31 in series with a pattern generator 30, 
which is clocked by a timing controller 32 that allows 
bursts of magnetic transitions to be recorded at precise- 
ly controlled times. For the purposes of radial self-prop- 
agation burst writing and detection, the timing controller 
can be a unit such as-the Am951 3A system timing con- 
troller manufactured by Advanced Micro Devices Cor- 
poration of Sunnyvale California that is simply synchro- 
nized to a once per revolution index timing mark, but it 
is understood that the writing of actual product servopat- 
terns requires much tighter timing control, particularly 
when writing the servo identification fields and whenev- 
er writing phase encoded servo patterns. Methods for 
achieving such precise timing control using the internal 
disk file recording transducer, in a manner consistent 
with self-propagation are described in the related U.S. 
Patent Application Serial No.08/028,044. 

A readback signal from a file read/write electronics 
circuit 28 is connected to an amplitude demodulator cir- 
cuit 34 the output of which is converted to digital form 
by an analog to digital converter (ADC) 36 at times de- 
termined by timing controller 32 acting in concert with a 
microprocessor sequence controller 33. Sequence con- 
troller 33 also accesses a memory 38 for storage and 
retrieval of digitized readback amplitudes used by a di- 
vider 40. Sequence controller 33 with memory 38 also 
provide for the storage and retrieval of reference table 
values used by a subtracter 42 in creating the position 
error signal (PES) that serves as the input to a digital 
servo controller 44. Sequence controller 33 also pro- 
vides computation capabilities for general use in deter- 
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mining modifications to the stored reference table val- 
ues and for determining appropriate delay settings to be 
applied to timing delay unit 31, and producing control 
signals for pattern generator 30. The output of digital 
servo controller 44 is converted to analog form by a dig- 
ital to analog converter (DAC) 46, and is further ampli- 
fied and converted to a current by a VCM driver 48. The 
driver current is applied to voice coil actuator 24 in the 
disk file causing recording transducer 22 to move ap- 
proximately radially with respect to recording medium 
26. In one embodiment, the functions of divider 40, sub- 
tracter 42, and digital servo controller 44 are all achieved 
through the appropriate programming of microproces- 
sor sequence controller 33. 

Figure 2 shows a diagram of a portion of recording 
medium 26 illustrating the division into a number of prop- 
agation tracks 111, 112, 113, etc. as well as a division 
of each track into a number of sectors, with a first sector 
101 typically coming immediately after the disk rotation 
index as determined either by an index pulse from the 
disk spindle motor driver or from the timing controller. 
Each sector is further divided into a region 1 03 contain- 
ing the amplitude bursts for propagation and a region 
104, which is reserved for the use of the precision timing 
propagation system and for writing the actual product 
servopattern including sector ID fields and either ampli- 
tude burst or phase encoded patterns. In one embodi- 
ment of this system propagation burst areas 103 will be 
overwritten with user data following servowriting. All of 
region 104 except for the part containing the product 
servopattern will also be overwritten with user data. 
Each propagation burst region is further divided into a 
number of slots 105-110 within which the amplitude 
burst patterns (A.B.CD.E, and F) for propagation are 
written. In this figure, the propagation track pitch is 
shown as one quarter of the assigned data track width. 
For example, if the first user data track is chosen to be 
centered on propagation track 112, the next data track 
would be centered on propagation track 116, and so on 
across the disk. Other ratios of propagation to data track 
pitch can be used, but the 4:1 ratio shown allows fine 
adjustment of the timing of grey code bits and phase 
encoded product servopatterns. Typically, the data track 
pitch is chosen to be slightly larger than the transducer 
write width so the edges of adjacent data tracks do not 
overlap. This can be seen in Figure 2 by noting the rel- 
ative radial locations of B and F bursts since these cor- 
respond to the above mentioned choices of data tracks 
centered on propagation tracks 112 and 1 1 6 respective- 
ly. 

The propagation burst pattern shown consists of a 
repeating sequence of 6 bursts. This is useful because 
the bursts in each slot do not overlap along the radial 
direction thereby allowing the recording transducer to 
back up and read previously written bursts. Such a proc- 
ess can be used to check the spacing of the propagation 
tracks relative to the recording transducer width without 
having to propagate completely across a disk surface. 
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This is described in more detail later. The minimum 
number of slots required for propagation without such 
checking is 2. 

A typical number of sectors is 1 20 and a typical disk 
5 rotation rate is 5400 rpm, giving about 92 microseconds 
per sector. A typical slot time is 7 microseconds. This is 
longer than the typical amplitude burst duration used in 
a product servopattern (1 microsecond) but there is no 
loss of user data space with expanded propagation 
io bursts since they will be overwritten later. An advantage 
of longer bursts is that they allow more filtering time to 
be used during demodulation resulting in a higher signal 
to noise ratio which simplifies some of the digital servo 
loop computation, particularly with regard to determin- 
ing derivative or velocity related servo terms. Shorter 
burst times could be used if more time is needed for tim- 
ing marks and product servopattern writing in regions 
104. 

Referring to the flow diagram of Figure 3, the itera- 
tive self-propagation process starts with step 130 in 
which the recording transducer is located at either the 
outermost accessible track (OD) or innermost accessi- 
ble track (ID) of the disk file with the actuator being 
pushed against a physical stop to lock it against me- 
chanical disturbances. In step 132, first propagation 
track 111 (Figure 2) is written with A bursts in the first 
slot of each propagation burst region. Also, the first por- 
tion of the product servopattern is written within region 
104 of each sector together with the precision timing 
marks. These may, for example, occupy only a small 
portion at the beginning of region 104 on the same sur- 
face as the propagation burst patterns and be written 
during the same revolution of the disk. Furthermore, oth- 
er recording surfaces within a stack of disks may be writ- 
ten with their product servopattern in time succession 
throughout region 1 04 by switching the write electronics 
to select each recording transducer in turn (it is usual 
for each recording surface to have its own recording 
transducer, all of which move together on a single actu- 
ator). This first revolution in the process is referred to as 
a write revolution. 

On the next revolution of the disk, referred to as a 
normalization revolution and shown as step 134 in Fig- 
ure 3, sequence controller 33 signals ADC 36 to sample 
and digitize the demodulated readback amplitude dur- 
ing the first slot of each sector and records these values 
in an A burst normalization table in memory 38. 

After all sectors have been read in the normalization 
revolution but before the first propagation burst region 
103 of the next revolution the parameters used in the 
servo control voltage calculation are set equal to prede- 
termined values referred to as step parameters that pro- 
vide rapid motion and settling, that is the gain and band- 
width are high. This is shown as step 136 in Figure 3. 
As an example, servo parameters similar to those used 
in the operation of the disk file would work well as step 
parameters. 

On the next revolution of the disk, referred to as a 
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step revolution and shown as step 138, sequence con- 
troller 33 steps through the stored normalization table 
sector by sector, routing each value to divider 40. A ref- 
erence track table in the memory has been pre-recorded 
with initial reference levels corresponding to desired 
amplitude reduction factors for each of the sectors. Typ- 
ically, these initial reference levels are all equal. Simi- 
larly the reference track table values are routed to sub- 
tracter 42. ADC 36 continues digitizing the A bursts of 
each sector. As recording transducer 22 reaches the 
end of each propagation burst region 103, the output of 
subtracter 42 contains a number equal to the reference 
track table entry for that sector minus the amplitude of 
the preceding A burst divided by the stored normaliza- 
tion table value. This is the position error signal or PES. 
At this time, sequence controller 33 signals digital servo 
controller 44 to read the PES and compute a new control 
voltage setting. This control voltage is adjusted by the 
servo controller after each sector to drive actuator 24 in 
a direction that reduces the PES, i.e. toward propaga- 
tion track 112. 

Once actuator 24 has settled onto the desired loca- 
tion for propagation track 112 (typically in about 1 quar- 
ter of a disk revolution) the parameters of the servo con- 
trol voltage calculation are changed to another set of 
special predetermined values referred to as propagation 
parameters that are tailored to provide rejection of me- 
chanical disturbances without amplification of track 
shape errors. The manner in which these values are de- 
termined is described below. Even though the step to 
the next propagation track takes less than a full revolu- 
tion, it simplifies matters to allow the revolution to com- 
plete before writing the next set of bursts. In one em- 
bodiment, this change in servo parameters is done grad- 
ually with the propagation parameters being reached 
only at the end of the step revolution. In Figure 3 this 
process of setting the servo to have the propagation pa- 
rameters is shown following step revolution 1 38, and is 
referred to as a step 140. 

At this point only a single propagation track has 
been written so the result of a decision step 1 42 in which 
a count of propagation tracks is compared with a prede- 
termined desired number that corresponds to the com- 
pletion of the product servopattern is necessarily nega- 
tive and the process returns to a write revolution 132. In 
this second write revolution 132, the sequence control- 
ler 33 signals pattern generator 30 to write bursts of tran- 
sitions, B in the second slot of each sector. As before, 
precision timing marks and product servopatterns are 
also written in regions 104 on the same recording sur- 
face and just product servopatterns on the remaining re- 
cording surfaces. Throughout this write revolution, ADC 
36 continues digitizing the A bursts and servo controller 
44 maintains actuator 24 in a position such that trans- 
ducer 22 stays close to the desired location of track 1 1 2. 
Each individual PES reading is used to adjust timing de- 
lay unit 31 in a manner that modulates the product ser- 
vopattern as it is being written during the adjacent region 
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104 of the disk. Details of this modulation are described 
later. Additionally, the PES values during the write rev- 
olution are recorded in a table in memory 38 for use later 
in calculating new reference track values. In one em- 

5 bodiment, digital filtering calculations are performed on 
the PES values as they come in sector-by-sector, result- 
ing in completed computation of filtering coefficient val- 
ues by the end of the write revolution. 

The next revolution is a normalization revolution, 

to step 134, in which ADC 36 digitizes both the A and B 
burst amplitudes, storing the B burst amplitudes in a B 
burst normalization table, while the servo loop continues 
to track follow using PES values computed from the A 
burst amplitudes, the A burst normalization table values, 

is and the stored reference track values. A new reference 
track table is also computed during this revolution. Each 
new reference track table value is set equal to a nominal 
average reference level determined previously to be ap- 
propriate for the desired average track spacing in this 

20 region of the disk plus a correction value. In one embod- 
iment, the correction value is equal to a predetermined 
fraction, f, called the reference correction factor, of the 
previously recorded PES value for the corresponding 
sector obtained during the preceding write revolution. 

25 Alternatively, the correction value is computed using a 
digital filtering algorithm applied to the entire set of pre- 
viously recorded PES values from the preceding write 
revolution. Some of this filtering computation may be ac- 
complished during the write revolution so that the re- 

30 mainder may easily be completed for each reference ta- 
ble value in the time available between sectors. Details 
of the algorithms are described later. It is convenient to 
replace each reference track table value just after it is 
usedforthe computation of acontrol voltage. In this way, 

35 the servo reference track table during the normalization 
revolution is utilized with its previous values but ends up 
containing its new values in preparation for the upcom- 
ing step revolution. 

Switching to the B bursts for PES computations, the 

40 process repeats, and transducer 22 steps to the next 
propagation track, step 1 38, followed by a write revolu- 
tion, step 132, in which C bursts, timing marks and prod- 
uct servopatterns are written, followed by a normaliza- 
tion revolution, step 134, in which the C bursts are read 

45 back and stored in a normalization table. This continues 
(with A bursts following F bursts) until the desired 
number of data tracks is reached as determined by a 
yes answer to decision step 142 and the process stops 
in a step 1 44. 

50 In this system, disturbances that cause the actuator 
to deviate from the ideal propagation track (TMR) result 
in mis-positioned write bursts. Subsequent readback of 
such bursts at the next propagation track location results 
in a modulated position signal. Figure 4A illustrates this 

55 process, showing a properly positioned burst and a mis- 
positioned burst relative to a desired propagation track. 
When centered on the desired propagation track a dis- 
tance X from the preceding propagation track, the re- 
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cording transducer reads back a relative amplitude R for 
the properly positioned burst. Since this is the desired 
location, this relative amplitude equals the reference 
track value, resulting in zero PES. The mis-positioned 
burst has its edge shifted from the desired propagation 
track location by an amount E relative to the width of the 
transducer resulting in a relative readback signal equal 
to R+E. Since E is determined by the location of the 
burst edge, changes in the width of written bursts is an- 
other source of error that produces effects similar to 
TMR. 

Figure 4B is a block diagram showing how the ele- 
ments of the present invention may be combined to form 
the standard components of a servo loop as they are 
generally known in the art of servo-engineering, as de- 
scribed for example in the book "Modern Control Engi- 
neering" by K. Ogata published by Prentiss-Hall corpo- 
ration of Englewood Cliffs New Jersey, where terms are 
defined. The loop controller 150 is comprised of digital 
servo controller 44, DAC 46, and VCM driver 48. The 
"plant" 152 is defined as comprising actuator 24 and re- 
cording transducer 22. The plant output X represents 
the absolute position of the recording transducer in units 
of relative head width. In self-propagation, the only ob- 
servable signal is the position of transducer 22 relative 
to recording medium 26 but it is useful to consider the 
absolute position X for the purposes of analysis of servo 
loop performance. A loop summing point 1 56 is explicitly 
included to account for the relative nature of the ob- 
served position signal. Thus the observed position sig- 
nal equals the sum of the absolute position X and the 
burst position error E. This signal X+E is combined at a 
standard loop reference summing point 154 with the ref- 
erence track value R to form the position error signal or 
PES. In usual fashion the sign shown next to the incom- 
ing arrows at a summing point represents a sign factor 
to apply to each signal before summing, hence the PES 
equals R-(X+E) . 

The net effect of the written burst location errors is 
to produce a non-circular trajectory that the servo loop 
attempts to follow, hence the errors act as an additional 
reference signal. The response to this trajectory is given 
by the closed loop response. Normally, it is desired that 
the closed loop response of a servo loop be exactly 
equal to unity (in which case the controller gain would 
approach infinity). Such a system produces an output 
that exactly follows the desired trajectory and is infinitely 
stiff against disturbances. In reality, only a finite control- 
ler gain can be used, and it must be frequency depend- 
ent to avoid loop instability arising from unavoidable 
phase shifts (positive feedback). In typical servo loop 
applications, including disk file actuator servos, the pri- 
mary performance objective is to provide optimal rejec- 
tion of mechanical disturbances within the constraints 
of a finite sampling rate, and the resulting closed loop 
response rises significantly above unity (1.5 or more) 
over a fairly broad range of frequencies. No drastic con- 
sequences arise from this during disk file operation. In 



the present situation, however, the response to a non- 
circular trajectory at a given propagation track is repro- 
duced in the writing of the next propagation track, and 
that response is reproduced yet again on the next prop- 
5 agation track. The closed loop response corresponds to 
a step-to-step error amplification factor, so that an error 
at one propagation track appears N propagation tracks 
later multiplied by the closed loop response raised to the 
Nth power. Thus, if the magnitude of the closed loop re- 
io sponse exceeds unity any error will grow indefinitely. If 
the closed loop response is less than unity, errors are 
compounded, but the effect of an error at any one step 
eventually decays. Thus the compounding is effectively 
limited to a finite number of steps n. Roughly speaking, 
75 n is given by 1 divided by the amount by which the closed 
loop response differs from unity. For example, a closed 
loop response of 0.99 yields n=100. Systematic errors 
such as written track width modulation will therefore 
grow by a factor of about n. The track to track error is 
20 still quite small, and only the less stringent limit on ab- 
solute track circularity need be a concern. Since written 
track width modulation is only a few percent effect, a 
substantial growth can be tolerated without exceeding 
the absolute circularity limit of roughly one track spac- 
es jpg. 

Viewed as a time waveform, the written burst loca- 
tion error trajectory is a perfectly repetitive function with 
a repeat frequency equal to the rotation frequency of the 
disk. A principle of Fourier analysis is that any such re- 

30 petitive waveform has a frequency spectrum containing 
non-zero amplitudes only at the discrete set of frequen- 
cies corresponding to integer multiples of the repeat fre- 
quency, in this case the disk rotation frequency. Thus, 
the relevant frequencies at which the closed loop re- 

35 sponse must be kept below unity are all integral multi- 
ples of the disk rotation frequency. As a frequency de- 
pendent quantity, the closed loop response C is actually 
a vector of complex numbers having both a magnitude 
and a phase, with each element of the vector corre- 

40 sponding to a particular multiple of the rotation frequen- 
cy. It is the magnitude of each element of the vector that 
must be less than unity. 

Choosing the servo loop parameters to ensure that 
the closed loop response is less than unity during writing 

45 js a simple method that provides a substantial reduction 
in random mechanical motion while ensuring that error 
growth is bounded. The inclusion of reference track ta- 
ble correction values computed during the normalization 
revolution, step 134, alters the situation. In one embod- 

50 iment described above, each new reference track table 
value is set equal to a nominal average reference level 
plus a predetermined fraction, f of the previously record- 
ed PES value for the corresponding sector obtained dur- 
ing the write revolution. In this case the step-to-step er- 

55 ror amplification factor (or just step factor), S no longer 
equals just the closed loop response, C but contains an 
additional term equaltof(l-C). Thus it is the combination 
S=C+f(1-C) that must have a magnitude less than unity 
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at all integral multiples of the rotation frequency. 

In this particular embodiment, the set of reference 
table corrections are computed by taking a fraction f of 
the PES values recorded during the write revolution. 
This is relatively straightforward since it utilizes the PES 5 
readings directly as a time waveform. In the above for- 
mula, S, like C, is a vector of complex-valued elements, 
while the factor f, being frequency independent and con- 
taining no phase shifts, is a single, real-valued term. As 
such, it is not possible to find an f that results in the mag- 
nitude of every element of the vector S being less than 
unity, except for special cases such as when the ele- 
ments of C are all >1 or all <1. Thus, the time-domain 
approach to reference table correction can be useful in 
certain circumstances and offers the virtue of simplicity 
but does not provide a general capability of ensuring 
bounded error growth together with high gain servo per- 
formance in which the magnitude of C exceeds unity at 
some, but not all frequencies. 

As illustrated in Figure 3A, an alternative embodi- 
ment that does provide this general capability is one in 
which the vector of PES values recorded during the write 
revolution is treated as a repetitive time waveform and 
is digitally filtered to produce the reference table correc- 
tion values. This is equivalent to generalizing the factor 
f , such that it also becomes a vector with complex-val- 
ued elements. Many possibilities for a digital filtering al- 
gorithm exist, but one which provides total flexibility for 
choosing f at all necessary frequencies (i.e. multiples ot 
the rotation frequency) is illustrated. A first step 160 is 
to compute the coefficients of the discrete Fourier trans- 
form of the waveform of PES values. Next, as represent- 
ed by step 162, each coefficient is multiplied by a com- 
plex-valued scale factor (the set of which comprise f). 
Then, as represented at step 164, the transform is in- 
verted using the scaled co-efficients to produce a filtered 
time waveform. Finally, as illustrated at step 166, the 
new reference track table values are computed by add- 
ing this filtered waveform to the nominal average refer- 
ence level. A description of the discrete Fourier trans- 
form and the formulae associated with it can be found 
in "The Electrical Engineering Handbook" published by 
CRC Press of Boca Raton, Florida. 

Rapid and efficient computation algorithms such as 
the Fast Fourier Transform may be used to perform the 
requisite calculations, but in practice it is found that only 
a limited number of frequency coefficients, correspond- 
ing to perhaps as many as the first 6 or 8 multiples of 
the rotation frequency, are usually required. To ensure 
bounded error growth, only frequencies at which the 
magnitude of the closed loop response exceeds unity 
need to be included. The factor f can equal zero for other 
frequencies, and corresponds to simply truncating the 
Fourier series transformations. 

The computation of Fourier series coefficients in- 
volves summing the PES values times sine and cosine 
table values. Using a standard microprocessor such as 
an Intel 486DX-66, the computation time for 6 frequency 
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components takes only about 12 microseconds per el- 
ement in the PES vector and is easily accomplished in 
the time available between sectors during the write rev- 
olution itself, as described earlier. An additional time of 
1 6 microseconds suffices to scale the coefficients by the 
factor f and can be done at the end of the write revolu- 
tion. The inverse transformation computation also takes 
about 12 microseconds per element and can be done 
sector-by-sector during the normalization revolution, as 
described earlier. 

The filtering technique described above allows one 
to set specific values for the elements of S. The closed 
loop response can be adjusted by means of the servo 
parameters to provide a desired level of mechanical dis- 
turbance rejection, then the appropriate values for f can 
be computed using the formula f=(S-C)/(1 -C). Unbound- 
ed growth of errors is avoided by keeping the magnitude 
of all elements of the vector S less than unity, so this is 
a primary consideration. In considering the growth of 
systematic errors such as write width modulation, the 
error in track shape levels off at a value equal to the 
base write width modulation times (1 +C-S)/(1 -S), where 
the base write width modulation is the amount of track 
width modulation that occurrs at each write step. The 
net track shape error is therefore very large if S is close 
to 1 . Conversely, the cumulative effect of random me- 
chanical motion is magnified if the step factor is chosen 
to be nearly zero, especially if C is close to 1 . This occurs 
because the factor f itself becomes very large if C is 
close to 1. A particular choice of S that is found to give 
excellent results with the disk files studied so far is 0.9. 
This reflects the fact that it is more important to keep 
random errors small than it is to maintain absolute cir- 
cularity of the tracks. Other choices of step factor S, in- 
cluding complex-valued ones, may prove to be optimum 
depending on the details of the disk file heads, recording 
media, and mechanical properties. 

As described so far, the correction terms used to 
compute new reference track table values involve only 
the PES waveform recorded during the write revolution. 
Other information that is available prior to stepping may 
also be included, such as accumulations of previous 
PES waveforms or even the PES waveform from the 
normalization revolution. Improved performance with 
regard to net track shape error and random track-to- 
track error may be achievable through more complex 
algorithms involving these additional terms. The essen- 
tial feature of the present invention is that corrections to 
the reference track table values are based on data avail- 
able prior to stepping to the new track location. 

A special case occurs when the CL « 1 at all fre- 
quencies equal to or greater than the disk rotation fre- 
quency. As shown in Figure 4 of the servo loop the PES 
= R - (X +E) . The plant motion X due to the loop is given 
by (R-E)(CL/1 + CL), which for CL « 1 is approximately 
zero and the PES becomes R-E, or the track shape er- 
ror. In practice the PES will have to be averaged over 
several revolutions of the disk due to random noise on 
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the PES resulting from mechanical disturbances which 
are now present due to the very low rejection by the ser- 
vo loop. However, once E is measured the reference can 
be updated and the track error can be removed. 

With a typical disk file requiring many thousands of 
steps to servowrite, controlling the growth of errors is 
critical. An important feature of the present invention is 
the recognition of this phenomenon as being due to 
these special properties of servo loops as applied to a 
repetitive self-propagation process and the identifica- 
tion of specific remedies in the adjustment of the servo 
loop parameters to produce a desired closed loop re- 
sponse coupled with digital filtering of the PES recorded 
during the write revolution to compute corrections to the 
reference track table values such that the step factor 
does not exceed unity at any relevant frequency. The 
utility of this specification arises from the fact that very 
substantial rejection of mechanical disturbances can be 
achieved within this constraint, while not requiring extra 
processing time such as averaging signals over multiple 
extra revolutions of the disk. Even more importantly, this 
specification clearly delineates the operating regime un- 
der which stable self-propagation is guaranteed, there- 
by ensuring a robust servowriting process. 

Figure 5 shows a flow diagram illustrating another 
embodiment in which, in accordance with the principles 
of the present invention, the writing of the product ser- 
vopattern and optionally the timing marks may be 
changed to occur during the normalization revolution 
rather than the write revolution as described above and 
illustrated in Figure 3. Many of the process steps of Fig- 
ure 5 are the same as those of Figure 3 and bear the 
same labels. This shift of the timing mark and product 
servopattem writing to a modified normalization revolu- 
tion 1 34A decouples this operation from the writing of 
the propagation bursts during a modified write revolution 
1 32A. Since the problem of error compounding requires 
special propagation parameters for the servo loop only 
during the writing of the propagation bursts, this decou- 
pling makes it possible to use much higher gains during 
the writing of the product servopatterns and timing 
marks. In particular the parameters may result in a 
closed loop response substantially greater than unity 
over a range of frequencies including multiples of the 
disk rotation frequency. This is accomplished in a new 
process step 1 33 in which the servo parameters are set 
equal to special predetermined values that are tailored 
to provide low TMR. These parameters would be deter- 
mined in a manner similar to that used in setting up the 
servo for actual disk file operation, i.e. the gain and 
bandwidth would be as high as possible consistent with 
avoiding loop instability due to frequency dependent 
phase shifts and a finite sampling rate as described 
above. A number of factors that would be recognized by 
those skilled in the art of electrical design and servo con- 
trol systems may allow substantially lower TMR to be 
achieved during process step 134A than is possible in 
the actual file operation. These factors include for ex- 
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ample, the improved signal to noise ratio achieved by 
using relatively long duration servo bursts, and the pos- 
sibility of using more expensive electronic components 
such as ADC 36, DAC 46, and VCM driver 48 in a ser- 
5 vowriter embodiment that is designed to be external to 
the product disk file. The reduced TMR during these op- 
erations results in lower random track to track errors and 
reduces the amount of random fluctuation in the ampli- 
tude of the readback signal from the timing marks as 
10 well. The latter effect will reduce the incidence of errors 
in the precision timing generation system of the self-ser- 
vowriting system. 

Also shown in Figure 5 is an optional extra revolu- 
tion step 1 35, that provides extra time for the writing of 
*5 product servopatterns. This has a disadvantage of in- 
creasing servowrite time but may be necessary if a large 
number of disk surfaces are present within the disk file 
and the regions 1 04 dedicated to timing marks and prod- 
uct servopatterns are too short to allow product ser- 
vopatterns to be written on all surfaces. As in the above 
discussion, it is advantageous to use higher servo gains 
during this extra revolution to take advantage of the low- 
er TMR. The decoupling of the product servopattem and 
timing mark writing can also be accomplished by adding 
an extra revolution dedicated to just this process rather 
than combining it with the normalization procedure. In 
an embodiment incorporating digitally filtered PES cor- 
rection terms added to the servo reference it is possible 
to achieve reduced TMR performance at all times. This 
eliminates some of the motivation for decoupling the 
product servopattem writing from that of the radial prop- 
agation burst writing, but the alternative embodiments 
as described remain as potentially desireable alterna- 
tives. 

SERVO LOOP MEASUREMENTS 

In a particular embodiment a PID (proportional, in- 
tegral, derivative) type of servo loop was implemented 
using a personal computer together with a commercially 
available data acquisition plug-in board containing tim- 
ing control circuitry, an ADC, and a DAC. Together with 
an amplitude demodulator, a VCM current driver, and a 
gated oscillator, the system was hooked up to an IBM 
Spitfire disk drive and the 6 burst propagation sequence 
as described above (including the precision timing mark 
generation process together with a phase encoded ser- 
vo pattern generator controlled by an additional compu- 
ter) was carried out using various servo loop parame- 
ters. Such a system is suitable for use as an external 
servowriting system to be attached to the disk files 
through an electrical connector, but it is conceivable that 
the circuitry can be reduced to just a few integrated cir- 
cuits to be included in every disk file for complete stand- 
alone self -servowriting. 

In this servo loop, the control voltage equals the 
sum of 1 ) a proportional gain factor times the PES; 2) 
an integral gain factor times the sum of all previous PES 
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readings; 3) a derivative gain factor times the difference 
between the present PES and the PES from the preced- 
ing sector. These three gain factors are the servo pa- 
rameters that allow adjustment of the servo closed loop 
response (the ratio of the position signal response to a 
reference level modulation at a given frequency). The 
closed loop response at any frequency can be deter- 
mined by applying a known reference level modulation 
at that frequency while measuring the position signal re- 
sponse at the same frequency. This can be accom- 
plished without extra circuitry since the computer that 
functions as the digital servo controller has access to 
the real time position signal and has the capability of 
substituting sinusoidally modulated reference table val- 
ues. By Fourier transforming a series of position signal 
readings obtained while applying a predetermined ref- 
erence table modulation, the magnitude and phase of 
the response can be determined. This process can be 
carried out with a representative disk file using various 
combinations of servo parameters to find those that pro- 
vide the required property of having the closed loop re- 
sponse less than unity at all multiples of the rotation fre- 
quency. For the PI D controller, this property is met using 
relatively high derivative gain together with moderate in- 
tegral gain and low proportional gain. Not all multiples 
of the rotation frequency actually need to be checked, 
only those lying near the peak of the response curve. 
Typically only frequencies up to about 5 times the rota- 
tion frequency are relevant. Also, relatively large chang- 
es in servo parameter values produce only moderate 
changes in the closed loop response, so a broad range 
of suitable parameters exist that provide both low TMR 
and a closed loop response less than unity. This makes 
finding good parameters fairly easy, and allows breath- 
ing room for variations from file to file in such parameters 
as head width that can effectively change the servo 
gains. 

Alternatively, standard methods of servo loop anal- 
ysis can be used to calculate the closed loop response 
from a knowledge of the controller gains along with a 
model of the actuator dynamics. For the test system the 
calculated results closely match the response data 
measured in the manner described above. The calcu- 
lated transfer functions for two different sets of propa- 
gation parameters that were used in different tests of 
the system are shown in Figs. 6A and 6B. The dots are 
included to highlight the first few multiples of the disk 
rotation frequency. In Fig 6A the proportional and inte- 
gral gain terms are very small, while the derivative term 
(which acts like viscous damping) is made large, but not 
large enough to cause the closed loop transfer function 
to exceed unity. This servo loop operates with only about 
20% higher TMR than the actual product servo loop. 
With this system, radial propagation over 16000 steps 
is achieved without significant growth of track shape er- 
rors (less than about 50 microinches peak to peak), and 
with track to track shape differences of only about 5 mi- 
croinches rms. With the parameters as shown in Figure 



6B the TMR drops to about 20% less than that with the 
product servo loop but the closed loop response is driv- 
en above unity at both twice and three times the rotation 
frequency, resulting in an inability to successfully prop- 
5 agate beyond about 70 steps due to growth of track 
shape errors. 

This error growth is illustrated in Figure 7B in which 
the circular diagram shows the measured track shapes 
for the first 60 propagation steps when using the prop- 
10 agation parameters of Figure 6B. The track shapes were 
measured by backing up after the propagation se- 
quence and holding the actuator at the average track 
location (using only a weak integral gain term in the ser- 
vo loop) for each propagation track. The normalized 
15 readback amplitudes at each of the 120 sectors were 
then averaged for 1 00 revolutions of the disk to eliminate 
TMR effects. The resulting waveforms were plotted as 
radial deviations of circular tracks. The scale is en- 
hanced by a factor of ten to show the track shape errors 
more clearly, i.e. the radial deviation is plotted 10 times 
larger than the corresponding track to track separation. 
Also, the circles are also spread over a much greater 
apparent radial extent than on the actual disk, where 60 
steps represents only about 0.4% of the disk radius. A 
similar diagram in Figure 7A shows the first 60 propa- 
gation tracks using the propagation parameters of Fig- 
ure 6 A. Here the track shape errors are basically ran- 
dom and show no growth. 

The data plots in Figure 7A and Figure 7B show the 
magnitude of the 180 Hz frequency component (2x the 
disk rotation frequency) obtained by taking the Fourier 
transform of the waveforms consisting of the 120 sec- 
tors of readback signals around each track. In Figure 
7B, where the closed loop response has a magnitude of 
1 .029 at 1 80 Hz, this component grows rapidly, rising 
from about 3 microinches to about 1 6 microinches in on- 
ly 60 steps. For the parameters of Figure 7A no growth 
is expected, and none is observed. 

An embodiment in which reference track correc- 
tions are computed using digital filtering of the PES re- 
corded during each write revolution was also tested. 
Setting the servo proportional gain to 400 (with integral 
and derivative gains of .39 and 4000 respectively as in 
Figure 6B) results in a closed loop response greater 
than 1 at the first 5 multiples of the rotation frequency, 
with a peak value of 1 .31 . Using filtering calculations up 
to the 8th multiple of the rotation frequency with the fac- 
tor f calculated so as to result in a step factor S=0.9 at 
all 8 frequencies, propagations of 16000 steps can be 
carried out without substantial error growth (about 50 
microinches peak-to-peak at most). Without the filtered 
PES reference track corrections, these servo gains 
would have prevented propagation beyond just a few 
steps due to exponential error growth. The higher gains 
cut the TMR to about 50% of the typical file TMR, and 
result in substantially improved random track-to-track 
errors in the servopattern. 
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PHYSICALLY SEPARATE READ AND WRITE 
ELEMENTS 

In the discussion so far, it has been assumed that 
the recording read transducer and write transducer are 
one and the same, as in the typical inductive read/write 
element commonly used. Recently, transducers em- 
ploying separate read and write elements such as the 
so called MR (magnetoresistive) transducers have 
come into use, and require special attention with regard 
to the determination and control of propagation track 
spacing by means of nominal average reference value 
settings. Figure 8A is a diagram of such a transducer 
showing the different widths of the read and write ele- 
ments along with an offset between read and write ele- 
ment centers. Figure 8B shows a plot of how the nor- 
malized readback amplitude varies with the position of 
the actuator. Here, zero corresponds to the actuator po- 
sition during the write. The actuator movement required 
to reach a particular level of amplitude reduction de- 
pends on the read width, write width, and offset (and 
which direction of motion is desired). It is desirable that 
the propagation track spacing be determined only by the 
read and write widths and not be affected by the offset 
in the elements. This is particularly important since the 
apparent offset changes as the rotary actuator sweeps 
from the outermost to the innermost track in a disk file 
(the spatial separation of the read and write elements 
along the actuator arm direction leads to different pro- 
jected locations of these elements onto the disk track as 
the arm rotates). An important aspect of the present in- 
vention is the incorporation of a method for eliminating 
this dependence on read to write element offset in a 
manner that requires no prior knowledge of the precise 
geometry of the head and which can be achieved solely 
through measurements of readback amplitudes. 

Figure 9 is a diagram of the 6 burst propagation pat- 
tern showing the relative locations of the written bursts 
in one of the propagation burst regions. It is important 
for disk file data track spacing that, on average, the edg- 
es of adjacent tracks should have a specific amount of 
space between them to avoid overwriting of data on one 
track by a head that is supposed to be on the adjacent 
track. For example it may be desired that the data tracks 
be 4 propagation tracks apart and have an average 
space between written track edges of 25 percent of the 
data track pitch. This is the situation illustrated in Figure 
9, where user data tracks are shown assigned to loca- 
tions corresponding to propagation bursts A and E. In 
this case, propagation bursts that are 3 steps apart, 
such as A and D have their edges just lined up. If the 
read element is positioned so that the relative amplitude 
from burst A equals the relative amplitude from burst D 
(the A-D position) then the relative signal is 0.50 if the 
edges line up, greater than 0.5 if the edges overlap, and 
less than 0.5 if the edges have space between. Thus, 
the relative amplitude at the A=D position is an indicator 
of whether the propagation track pitch is too small or too 



large and can be used to adjust the nominal average 
reference level used during propagation to correct the 
pitch. 

If the readback amplitude varies linearly with posi- 
5 tion (a fairly good approximation) the adjustment in the 
nominal average reference level for propagation that is 
required to obtain the correct spacing can be computed 
from the measured relative amplitude at the A=D posi- 
tion. This can be seen by noting that a change in refer- 
10 ence level by an amount r results in a change in the rel- 
ative amplitude at the A=D position of 3r/2 because each 
of the 3 steps contributes a spacing change equal to r, 
and the change is shared equally by A and D. The nom- 
inal average reference level should therefore be adjust- 
15 ed by an amount equal to 2/3 of the deviation of the rel- 
ative amplitude at the A=D position from its desired lev- 
el. 

The method of the present invention consists of the 
following steps. First, choose an initial nominal average 
reference value and propagate several steps (3 or more 
in this case). Next, back up to a location such that the 
relative amplitude of an A burst and D burst are equal. 
This is accomplished by temporarily re-defining the PES 
to be the difference between the relative amplitudes of 
the A and D bursts. Using the relative amplitude of A ( 
or D since they are now equal), compute the correction 
to the propagation nominal average reference level as 
described above and continue propagating. 

Preferably, this process is repeated several times 
at the very beginning (in a region that will not be as- 
signed to user data) to initially set the reference level to 
account for the particular read to write element offset. 
Changes in the offset due to rotation of the actuator can 
be accounted for by repeating the process at regular in- 
tervals. In experiments carried out with the system de- 
scribed above, excellent results were obtained by re- 
peating this process every 40 propagation steps. The 
process was actually carried out by averaging the rela- 
tive amplitudes at the A=D, B=E, and C=F locations. Al- 
so, only a fraction (1/4) of the computed corrections to 
the reference level were applied each time to reduce the 
effects of noise. Since the reference level changes very 
slowly, there is an advantage to letting the corrections 
build up slowly as well. This measurement and correc- 
tion process required 1 1 revolutions of the disk and was 
performed every 40 propagation steps (which take 120 
revolutions since each step requires a write, a normalize 
and a step revolution), hence it increases the servowrite 
time by only about 9%. Figure 10A shows the nominal 
average reference level plotted versus propagation step 
number for a full run of 16000 steps, and Figure 10B 
shows a plot of the relative amplitudes at the A=D posi- 
tions (averaged with B=E and C=F) measured in the 
same run. Here the track pitch was chosen to be smaller 
than that shown in Figure 9 (the 25% space between 
written data tracks shown in the figure is actually higher 
than needed) so that the desired relative amplitude at 
the A=D position was set to 0.625 rather than 0.5. It can 
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be seen that this method works quite well at holding the 
track spacing constant (as determined by the relative 
amplitude at the A=D position) by systematically adjust- 
ing the propagation nominal average reference level. 

A number of variations of this method are possible. 
As already noted the desired relative amplitude at the 
A=D position may be set greater than 0.5 to achieve a 
tighter track spacing. Another variation is to use the A=E 
position, or A=C, or some other combination rather than 
A=D. The choice would depend on the ratio of the data 
track pitch to propagation track pitch and the desired 
spacing between tracks as well as the relative widths of 
the read and write elements. Referring to Figure 9, note 
also that the choice of how many bursts to use in the 
propagation pattern depends on these same factors. 
The key requirement is that the read element be able to 
read a particular burst without interference from the next 
burst over (the one in the same slot) several propaga- 
tions tracks away. 

WRITE ERROR CORRECTION 

The use of special servo loop parameters (those 
that keep the step-to-step error amplification factor less 
than unity at all multiples of the disk rotation frequency) 
together with reference track corrections based of the 
PES during the writes leads to great benefits in limiting 
the growth of errors in the propagation track shapes. Al- 
so, the track to track shape differences are kept low by 
operating the servo with parameters that provide fairly 
good rejection of mechanical disturbances resulting in 
low TMR. However, each track still contains some error 
due to TMR from such disturbances. By its nature the 
product servopattern is designed to encode relative 
head to disk position. Thus, a written-in error due to TMR 
during the servowrite process ultimately translates into 
a corresponding error in the radial position measure- 
ment obtained by the product servopattern demodulator 
during subsequent file operation. An additional feature 
of the present invention is a technique for reducing the 
effect of this residual TMR on the apparent shape of the 
product servopattern. Essentially, the idea is to use the 
PES of the propagation servo loop to modify the product 
servopattern as it is being written in a way that results 
in cancellation of the effect of the written-in position error 
when the servopattern is subsequently read back during 
file operation. The technique involves both the servow- 
rite propagation process and the servopattern readback 
process during file operation. A preferred type of modi- 
fication of the servopattern that is easily decoded by the 
disk file during operation and simply implemented in the 
servowriter is time shifting of the servopattern relative 
to the servo ID field. 

As a first example of an embodiment of this process 
consider an amplitude burst product servopattern. In 
such a servopattern there are typically 2 or more bursts 
of written transitions detected within specific time slots 
following the servo ID field. Figure 11 A shows a simple 



two burst servo pattern in which the desired track loca- 
tion is defined as the location at which the readback sig- 
nal from the A and B bursts are equal. In a conventional 
servopattern demodulator the readback amplitude is 

5 sampled and digitized near the end of each designated 
burst time slot and represents a filtered average of the 
burst amplitude. Figures 11 B to 11 F show waveforms 
associated with the demodulation technique of the 
present invention and Figure 12 is a block diagram of 

10 the circuitry involved. The readback signal is detected 
by a rectification circuit as in a conventional demodula- 
tor but the output is run through a gated integrator circuit 
before being digitized by the ADC. The sector ID detec- 
tor provides the timing reference from which the fixed 

75 integrator gate signals and ADC trigger signals are de- 
rived using delayed double pulse generators. The ADC 
is triggered to digitize the gated integrator output just 
prior to the falling edge of the gate. This gate edge 
serves to reset the integrator to zero as well. Thus, the 

20 digitized burst amplitude equals the rectified readback 
signal times the amount of time overlap between the in- 
tegrator gate and the detected burst signal. The rectified 
readback amplitude changes with the radial location of 
the written burst so it tracks the TMR during the writing. 

25 By intentionally altering the time at which the burst is 
written relative to the sector I D, the amount of time over- 
lap between the integrator gate and the detected burst 
signal can be adjusted so as to just cancel the effect of 
the TMR on the rectified readback amplitude, resulting 

30 jn a digitized burst amplitude value that shows no effects 
from TMR during servowriting. The time of burst writing 
is adjustable through the use of the timing delay unit in- 
serted in series with the write data from the pattern gen- 
erator. A digitally programmable delay unit such as 

35 those manufactured by Data Delay Devices Corporation 
of 3 Mt. Prospect Ave. , Clifton N.J. provides the requisite 
rapid and precise adjustment of timing delay under dig- 
ital control that is needed for this application. 

The method for computing the proper delay is illus- 

40 trated in Figures 13A to 13F which show a situation in 
which the A burst is radially mis-positioned due to ran- 
dom TMR during servowriting. In accordance with the 
present invention, the time at which the A burst is written 
is shifted relative to the end of the servo ID field. For 

45 simplicity, it is assumed that the readback signal varies 
perfectly linearly with off track position. Suppose the ra- 
dial position error is a fraction f of the read element width 
and in the upward direction as shown in Figure 13A. A 
good estimate of this radial position error is provided by 

50 the PES of the self -propagation servo loop as measured 
for the propagation burst region just preceding the prod- 
uct servopattern region in which burst A is written. For 
pattern propagation proceeding from the top down the 
pattern propagation burst (not shown in this figure) 

55 would have its lower edge coincident with the desired 
track location and an error in position in the upward di- 
rection would produce an increase in the readback am- 
plitude of the propagation burst. This produces a PES 
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reading equal to -f since the PES is the fractional refer- 
ence value minus the normalized readback amplitude. 
The product servopattern A burst normalized readback 
amplitude is shifted by -f also, i.e. it is lower than it 
should be because the burst edge lies above the center 5 
of the recording transducer. This lowers the slope of the 
integrated signal. The integrator output signal at the time 
of the ADC trigger pulse (which corresponds to the dig- 
itized burst amplitude value) can be restored to its cor- 
rect value by shifting the A burst later by an amount t 10 
given by :f.t=<PES times T> over <PES minus V>:ef., 
where :f.T:ef. is the usual overlap time when no shift is 
applied and V is the rectified readback amplitude (nor- 
malized to the on-track signal) that is expected for no 
radial position error of burst A. V typically has the value is 
0.5 since the two burst servopattern would define data 
tracks at the locations where the A and B burst ampli- 
tudes are equal and the written burst edges are aligned 
as in Figure 11 A. 

Errors in the B burst radial position can be cancelled 20 
in a similar manner but the time shift must be opposite 
to that employed for A burst. This arises from the fact 
that the upper edge of the B burst is used instead of the 
lower edge. Thus an upward position error during ser- 
vowriting would increase the amplitude of the B burst 25 
detected by the product demodulator, and would require 
shifting the burst to an earlier time to compensate. This 
is easily accounted for by having the microprocessor se- 
quence controller keep track of which burst type is being 
written and adjust the sign of the time shift accordingly. 30 

A slightly more complicated situation arises if the 
product servopattern utilizes both edges of a given burst 
to define different track locations or for between-track 
position error determination. For example the lower 
edge of the A burst may be used to define one data track 35 
location (in conjunction with the upper edge of the B 
burst) while the upper edge of burst A is used to define 
an adjacent data track location (in conjunction with the 
lower edge of a different B burst). Writing the A burst 
later cancels the effect of the radial position error for the 40 
lower edge of the A burst but would double the error as 
seen at the upper edge of burst A. A solution is to shift 
the gate signals for these alternate edge locations so 
the gate starts before the burst and ends during it rather 
than starting during the burst and ending after it. Thus, 4$ 
shifting the A burst to a later time would reduce the over- 
lap time between the gate and the detected burst am- 
plitude signal. In this way, a unique time shift applied to 
a burst during servowriting would serve to cancel radial 
position errors for either burst edge. The two gate delay so 
times would be alternately selected by the disk file ser- 
vopattern demodulator depending upon a pre-arranged 
assignment of burst edges to data tracks. 

In the case of phase encoded servopatterns, the rel- 
ative phase of the readback signal between two bursts 55 
is the position dependent quantity that is ultimately de- 
tected. An error in radial position therefore corresponds 
quite directly to a phase error in the detected pattern 
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and can be cancelled quite simply by applying an ap- 
propriate time shift to one of the bursts during servow- 
riting. No special modification to the product servopat- 
tern demodulator is required in this case. 

Regardless of the product servopattern type, the er- 
ror cancellation technique requires that a correction be 
applied to both the product servopattern and the ampli- 
tude burst propagation pattern at each step. If this is not 
done, the propagation servo loop will attempt to follow 
the written-in propagation pattern errors while writing 
the next step, so an an image of it will be transferred to 
all patterns (propagation bursts and product servopat- 
terns) written on the next step. This is equivalent to hav- 
ing the errors appear again one step later. As mentioned 
previously, written-in errors behave just like modulation 
of the reference signal in the servo loop and the re- 
sponse to them is given by the closed loop response of 
the servo loop. Thus, the image that is carried forth to 
the next step is given by the closed loop response times 
the written-in error signals treated as a time waveform 
applied to the servo loop. A way to prevent this response 
to written-in errors is to adjust the reference table values 
to reflect the known position errors during writing so that 
each reference table value matches the expected am- 
plitude for the corresponding burst when sensed by the 
read element located directly on the desired propaga- 
tion track. Just as in the case of the corrections to the 
product servopatterns the known position errors during 
writing are simply the PES readings of the pattern prop- 
agation servo loop during the write revolution. Referring 
to Figure 4B, a mis-positioned propagation burst that 
causes a change in readback amplitude by an amount 
E changes the servo PES by an amount -E. If the refer- 
ence track value R were increased from its nominal av- 
erage value by the same amount E, the net result would 
be no change at all in the servo PES and therefore the 
written T in error would cause no actuator response at all. 
Referring to Figure 4A and bearing in mind that the prop- 
agation proceeds in the downward direction, it can be 
seen that during the write of the mis-positioned burst the 
recording transducer was shifted too far down, resulting 
in a readback signal smaller than the desired value. 
Since the PES is the reference minus the position signal, 
the PES during the write would have been higher by an 
amount E. Thus, written-in errors can be eliminated from 
the propagation servopattern by adding the PES values 
obtained during the write revolution to the nominal av- 
erage reference value to create the reference table val- 
ues used on the next step. 

This process of modifying the reference table val- 
ues was described earlier in the discussion of error com- 
pounding. In the simplest embodiment the reference ta- 
ble is corrected by a factor f times the PES recorded 
during the write revolution. From the above discussion 
it is clear that the most effective error cancellation is 
achieved with this factor f equal to 1 . However, the in- 
troduction of reference table corrections leads to a mod- 
ified stability criterion in which the step-to-step error am- 
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plification factor S-C+f(1-C) must be less than unity. 
From this expression it can be seen that if f is exactly 1 , 
S will also equal 1 and errors will not decay. The choice 
of f is determined by a trade-off between maintaining an 
acceptable level of absolute track non-circularity and the 
fact that the random track-to-track error cancellation is 
made less effective as f is reduced. Analysis shows that 
the net track-to-track random errors in the servopattern 
are proportional to the TMR times (1-f). Thus, while f=1 
is best, very significant random error cancellation can 
be achieved just by being reasonably close to 1 . The 
same analysis applies in the more sophisticated embod- 
iment employing digitally filtered PES corrections, 
where f is a vector of complex-valued elements. In this 
case one would choose particular values of the ele- 
ments of the step factor S so as to result in all elements 
of f being as close to 1 as possible (provided the mag- 
nitude of S itself is kept less than 1). At higher frequen- 
cies, where f=0 as a result of truncation of the Fourier 
series filtering calculations, the random error cancella- 
tion will become ineffective. However, in general, the 
TMR itself has very little high frequency content so a 
loss of effect in this range means very little in terms of 
the total rms errors. 

In the alternative embodiment shown in Figure 5 in- 
volving decoupling of the writing of the product servopat- 
tern, the PES used to modulate the product servopattern 
would not be the same as that used for computing the 
reference table corrections. 

Other methods of modulating the product servopat- 
tern to allow random TMR cancellation beside those de- 
scribed above can be devised by those skilled in the art. 
Examples include modulating the frequency or the du- 
ration of amplitude burst patterns coupled with corre- 
sponding detection circuitry included in the product ser- 
vopattern demodulator. The novel aspect of the present 
invention consists of using the real-time PES signal dur- 
ing servowriting to allow correction of servopattern po- 
sition errors as they are written. The modification of the 
self-propagation reference table values based on the 
PES is also important for achieving the desired reduc- 
tion in track to track random shape errors. This correc- 
tion is fed forward in time for track following at a subse- 
quent step so it differs substantially from previously de- 
scribed techniques for smoothing of the reference table 
values based on averaging the PES over several revo- 
lutions while track following. The purpose of the correc- 
tion is also very different than anything described in the 
prior art since it is specifically designed to reduce ran- 
dom track to track errors and must be coupled to error 
cancellation in the product servopattern in order to be 
effective. 



Claims 

1. A method for servowriting a rotating disk (26) in a 
disk drive (20) including a head for interacting with 
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said disk, an actuator (24) for positioning the head 
radially with respect to said disk, and means (22) 
for causing said head to write on and read informa- 
tion from said disk, comprising the steps of: 

s 

writing servopatterns on radially successive 
tracks of said disk (20)using a servo loop for 
positioning said actuator (24) wherein servo po- 
sition information is read from said disk (20); 

10 

characterized in that 

the frequency dependent gain of said servo 
loop is set so that the closed loop response of 
is said servo loop has a magnitude less than unity 

at every integer multiple of disk rotation fre- 
quency, yet is high enough to provide substan- 
tial rejection of mechanical disturbances. 

20 2. The method of claim 1 wherein said closed loop re- 
sponse has a magnitude less than unity at all fre- 
quencies. 



3. An apparatus for servowriting a rotating disk in a 
25 disk drive (20)including a head for interacting with 

said disk, an actuator (24) for positioning the head 
radially with respect to said disk (26), and means 
(22) for causing said head to write on and read in- 
formation from said disk, comprising: 

30 

means for causing said head to write servopat- 
terns on radially successive tracks of said disk 
including a servo loop for positioning said actu- 
ator and wherein servo position information is 
35 read from said disk; 

characterized by 

means for setting frequency dependent gain of 
40 said servo loop so that the closed loop re- 

sponse of said servo loop has a magnitude less 
than unity at every integer multiple of disk rota- 
tion frequency, yet is high enough to provide 
substantial rejection of mechanical disturbanc- 
es es. 

4. The apparatus of claim 3 wherein said closed loop 
response has a magnitude less than unity at all fre- 
quencies. 

so 

5. The apparatus according to claim 3 or 4, further 
comprising 

means for controlling the internal recording 
55 transducers of the disk file such that a plurality 

of bursts, each consisting of a plurality of tran- 
sitions may be written around each of a plurality 
of tracks located at different radial positions; 
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means for determining and storing the read- 
back amplitudes of the magnetic signal from 
any of said bursts, with said readback ampli- 
tude being updated with each revolution of the 

disk; 5 

means for writing said plurality of bursts at a 
first of said radial positions; 

means for creating a position error signal of io 
said servo-positioning control loop by subtract- 
ing said readback amplitude for each of said 
plurality of bursts written at said first radial po- 
sition from each of a first set of stored reference 
amplitudes in a time shorter than the interval is 
between bursts, said position error signal re- 
sulting in movement of the internal actuator to 
a second of said radial positions such that said 
position error signal becomes nearly zero; 

20 

means for writing said plurality of bursts at said 
second radial position after a first predeter- 
mined time delay to allow completion of said 
movement of said internal actuator to said sec- 
ond radial position, each of said plurality of 25 
bursts at said second radial position being writ- 
ten at a second predetermined time delay fol- 
lowing each of said plurality of bursts written at 
said first radial position, said position error sig- 
nal continuing to be being determined f rom said 30 
readback amplitudes from said plurality of 
bursts written at said first radial position; 

means for repeatedly sequencing through the 
process of switching the creation of said posi- 35 
tion error signal of said servo-positioning con- 
trol loop to being a subtraction of each of said 
readback amplitudes at said plurality of bursts 
written at a present radial position from each of 
a set of stored reference amplitudes in a time 40 
shorter than the interval between bursts, said 
position error signal resulting in movement of 
the internal actuator to a next radial position at 
which said position error signal is nearly zero, 
followed by writing said plurality of bursts at 45 
said next radial position after said first prede- 
termined time delay to allow completion of said 
movement of said internal actuator to said next 
radial position, each of said plurality of bursts 
at said next radial position being written at a so 
next predetermined time delay following each 
of said plurality of bursts written at said present 
radial position, said position error signal contin- 
uing to be being determined from said readback 
amplitudes from said plurality of bursts written 55 
at said present radial position. 

6. The apparatus of claim 5 in which said position error 



signal is created by subtracting a normalized read- 
back amplitude for each of said plurality of bursts 
from each of said stored reference amplitudes, 
wherein said normalized readback amplitude is 
computed by dividing each of said readback ampli- 
tudes by its corresponding element in a stored set 
of amplitudes measured in an extra revolution of the 
disk following the writing of said bursts but before 
moving the actuator. 

7. The apparatus of claim 5 in which said said stored 
reference amplitudes used in the creation of said 
position error signal are changed at intervals 
throughout the sequencing process to result in track 
to track spacing that closely follows a desired func- 
tional form across the disk. 

8. The apparatus of claim 7 in which the changes in 
stored reference amplitudes are computed on the 
basis of measurements of the relative burst ampli- 
tudes between bursts located one or more radial po- 
sitions apart, such measurements being performed 
by interrupting the normal sequencing process and 
backing up one or more radial positions. 

9. The apparatus of claim 7 in which the changes in 
stored reference amplitudes are different at each 
sector and are computed using stored values of the 
position error signal as measured during the time 
the corresponding burst was written. 



Patentanspruche 

1. Verfahren zur Servosignalaufzeichnung auf eine 
sich drehenden Platte (26) in einem Plattenlaufwerk 
(20), das einen Kopf zur Interaktion mit der Platte, 
einen Zugriffsarm (24) zum radialen Positionieren 
des Kopf es in Bezug auf die Platte und Mittel (22) 
hat, die veranlassen, da3 der Kopf Information auf 
die Platte schreibt und von ihr liest, das die Schritte 
umfaBt: 

Aufzeichnen von Servomustern auf radial auf- 
einanderfolgende Spuren der Platte (20) unter 
Verwendung einer Servoregelschleife zum Po- 
sitionieren des Zugriffsarms (24), wobei Servo- 
positionsinformation von der Platte (20) gele- 
sen wird; 

dadurch gekennzeichnet, daB 

die f requenzabhangige Verstarkung der Servo- 
regelschleife so festgelegt wird, daft die An- 
sprechgrofle des geschlossenen Servoregel- 
kreises bei jedem ganzzahligen Vielfachen der 
Plattendrehfrequenz kleiner eins, jedoch hoch 
genug ist, eine wesentliche Unterdruckung von 
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mechanischen Storungen zu bewirken. 

2. Verfahren von Anspruch 1 , wobei die Ansprechgro- 
8e des Regelkreises bei alien Frequenzen klelner 
eins ist. * s 

3. Einrichtung zur Servosignalaufzeichnung auf einer 
sich drehenden Platte in einem Plattenlaufwerk 
(20), die einen Kopf zur Interaktion mit der Platte, 
einen Zugriffsarm (24) zum radialen Positionieren to 
des Koptes in Bezug auf die Platte (26) und Mittel 
(22) hat, die den Kopf dazu veranlassen, Informati- 
on auf der Platte zu schreiben oder von ihr zu lesen, 

die umfaBt: 

75 

Mittel, die den Kopf veranlassen, Servomuster 
auf radial aufeinanderfolgende Spuren der 
Platte aufzuzeichnen, die eine Servoregel- 
schleife zum Positionieren des Zugriffsarms 
enthalten und bei denen Servopositionsinfor- 20 
mation von der Platte gelesen wird; 

gekennzeichnet durch 

Mittel zum Einstellen frequenzabhangiger Ver- 25 
starkung der Servoregelschleife, so daB die 
AnsprechgroBe der geschlossenen Regel- 
schleife der Servoregelschleife bei jedem 
ganzzahligen Vielfachen der Plattendrehfre- 
quenz kleiner eins, jedoch hoch genug ist, eine 30 
wesentliche Unterdruckung mechanischer Sto- 
rungen zu bieten. 

4. Einrichtung von Anspruch 3, wobei die Ansprech- 
groBe der geschlossenen Regelschleife bei alien 35 
Frequenzen kleiner eins ist. 

5. Einrichtung gemaB Anspruch 3 oder 4, die weiterhin 
umfaBt 

40 

Mittel zum Steuern der internen Aufzeich- 
nungssignalgeber der Speicherplatte, so daB 
eine Vielzahl von Signalbundeln, von denen je- 
des aus einer Vielzahl von Ubergangen be- 
steht, urn jede aus einer Vielzahl von Spuren 4S 
herum aufgezeichnet werden kann, die sich auf 
unterschiedlichen radialen Positionen befin- 
den; 

Mitte! zum Bestimmen und Speichern der so 
Ruckleseamplituden des magnetischen Si- 
gnals aus einem beliebigen der Signalbundel, 
wobei die Ruckleseamplitude mit jeder Umdre- 
hung der Platte aktualisiert wird; 

55 

Mittel zum Aufzeichnen der Vielzahl von Si- 
gnalbundeln an einer ersten der radialen Posi- 
tionen; 
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Mittel zum Erzeugen eines Position ierfehlersi- 
gnals der Servopositionierregelschleife, indem 
die Ruckleseamplitude fur jede aus der Vielzahl 
der Signalbundel, die an dieser ersten radialen 
Position aufgezeichnet wurde, von jeder aus ei- 
ner ersten Gruppe von gespeicherten Refe- 
renzamplituden in einer Zeit subtrahiert wird, 
die kurzer als die Intervalle zwischen den Si- 
gnalbundeln ist, wobei das Positionierfehlersi- 
gnal zu einer Bewegung des internen Zugriffs- 
arms auf eine zweite der radialen Positionen 
fuhrt, so daB das Positionierfehlersignal fast 
null wird; 

Mittel zum Aufzeichnen der Vielzahl von Si- 
gnalbundeln an der zweiten radialen Position 
nach einer ersten vorgegebenen Zeitverzoge- 
rung, damit die Bewegung des internen Zu- 
griffsarms auf die zweite radiale Position abge- 
schlossen werden kann, wobei jede der Viel- 
zahl der Signalbundel an der zweiten radialen 
Position zu einer zweiten vorgegebenen Zeit- 
verzogerung aufgezeichnet wird, die jeder aus 
der Vielzahl der Signalbundel folgt, die an der 
ersten radialen Position aufgezeichnet wurden, 
wobei damit f ortgefahren wird, daB das Positio- 
nierfehlersignal aus den Ruckleseamplituden 
aus der Vielzahl von Signalbundeln bestimmt 
wird, die an der ersten radialen Position aufge- 
zeichnet wurden; 

Mittel zum wiederholten Durchlaufen des Vor- 
ganges des Schaltens auf die Erzeugung des 
Positionierfehlersignals der Servopositionier- 
regelschleife eine Subtraktion jeder der Ruck- 
leseamplituden bei der Vielzahl der Signalbun- 
del sein soli, die an einer gegenwartigen radia- 
len Position aus jeder von einer Gruppe von ge- 
speicherten Referenzamplituden in einem Zeit- 
raum aufgezeichnet wird, der kurzer als das In- 
terval! zwischen den Signalbundeln ist, wobei 
das Positionierfehlersignal zum Bewegen des 
internen Zugriffsarms auf eine nachste radiale 
Position fuhrt, bei der das Positionierfehlersi- 
gnal fast null ist, gefolgt vom Aufzeichnen der 
Vielzahl von Signalbundeln an der nachsten ra- 
dialen Position nach dem ersten vorgegebenen 
Zeitverzug, um die Beendigung der Bewegung 
des internen Zugriffsarms auf die nachste ra- 
diale Position zu ermdglichen, wobei jede aus 
der Vielzahl der Signalbundel an der nachsten 
radialen Position mit einer nachsten vorgege- 
benen Zeitverzogerung aufgezeichnet wird, die 
jeder der Vielzahl von Signalbundeln folgt, die 
an der gegenwartigen radialen Position aufge- 
zeichnet werden, wobei das Positionierfehler- 
signal weiterhin aus den Ruckleseamplituden 
aus der Vielzahl von Signalbundeln bestimmt 
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werden soil, die an der vorliegenden radialen 
Position aufgezeichnet werden. 

6. Einrichtung von Anspruch 5, in der das Positionier- 
fehlersignal durch Subtrahieren einer normierten 
Ruckleseamplitude f Or jede aus der Vlelzahl der Si- 
gnalbundeln von jeder der gespeicherten Referenz- 
amplituden gebildet wird, wobei die normierte 
Ruckleseamplitude berechnet wird, indem jede der 
Ruckleseamplituden durch ihr entsprechendes Ele- 
ment in einer gespeicherten Gruppe von Amplitu- 
den geteilt wird, die in einer zusatzlichen Umdre- 
hung der Platte gemessen wird, die dem Aufzeich- 
nen der Signalbundel folgt, aber vor dem Bewegen 
des Zugriffsarmes stattfindet. 

7. Einrichtung von Anspruch 5, in der die gespeicher- 
ten Ref erenzamplituden, die bei der Erzeugung des 
Positionierfehlersignalsbenutzt werden, in Interval- 
len wahrend des fortschreitenden Vorganges ver- 
andert werden, um zu Abstanden zwischen den 
Spuren zu fuhren, die auf der Platte eng einer ge- 
wunschten Funktionsform folgen. 

8. Einrichtung von Anspruch 7, wobei die Veranderun- 
gen an den gespeicherten Referenzamplituden auf 
der Grundlage von Messungen der relativen Ampli- 
tuden der Signalbundel zwischen Signalbundeln 
berechnet werden, die eine oder mehrere radiale 
Positionen voneinander getrennt angeordnet sind, 
wobei solche Messungen durchgefuhrt werden, in- 
dem der normale fortschreitende Vorgang unterbro- 
chen wird und eine oder mehrere radiale Positionen 
gesichert werden. 

9. Einrichtung von Anspruch 7, in der die Veranderun- 
gen in gespeicherten Referenzamplituden in jedem 
Sektor unterschiedlich sind und unter Verwendung 
von gespeicherten Werten des Positionierfehlersi- 
gnals berechnet werden, wie es wahrend der Zeit 
gemessen wurde, als das entsprechende Signal- 
bundel aufgezeichnet wurde. 



Revendications 

1. Un procede d'ecriture pour asservissement d'un 
disque rotatif (26), dans une unite d'entrainement 
de disque (20) comprenant une tete destinee a in- 
teragir avec ledit disque, un actionneur (24) destine 
a positionner la tete radialement par rapport audit 
disque et des moyens (22) destines a provoquer 
l'6criture sur, et la lecture depuis, ledit disque, d'une 
information, par ladite tete, comprenant les etapes 
consistant a : 

ecrire des motifs d'asservissement sur des pis- 
tes radialement successives dudit disque (20) 
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par utilisation d'une boucle d'asservissement, 
dans le but de positionner ledit actionneur (24), 
dans lequel ladite information de position d'as- 
servissement est lue depuis ledit disque (20); 

5 

caracterise en ce que 

le gain, dependant de la frequence, de ladite 
boucle d'asservissement est fixe de maniere 

to que la reponse en boucle fermee de ladite bou- 

cle d'asservissement ait une valeur inferieure a 
I'unite pour chaque multiple entier de la fre- 
quence de rotation du disque, en etant encore 
suffisante pour fournir une elimination notable 

*5 des perturbations mecaniques. 

2. Le procede selon la revendication 1 , dans lequel la- 
dite reponse en boucle fermee a une valeur infe- 
rieure a I'unite a toutes les frequences. 

20 

3. Un dispositif d'ecriture pour asservissement d'un 
disque rotatif dans une unit§ d'entrainement de dis- 
que (20), comprenant une tete destinee a interagir 
avec ledit disque, un actionneur (24) destine a po- 

25 sitionner la tete radialement par rapport audit dis- 
que (26), et des moyens (22) destines a provoquer 
I'ecriture et la lecture d'une information sur ledit dis- 
que par ladite tete, comprenant : 

30 des moyens destines a provoquer I'ecriture, par 

ladite tete, de motifs d'asservissement sur des 
pistes radialement successives dudit disque, 
comprenant une boucle d'asservissement des- 
tinee a positionner ledit actionneur et dans le- 
ss quel ladite information de position d'asservis- 
sement est lue depuis ledit disque; 

caracterise par 

40 des moyens pour fixer le gain, dependant de la 

frequence, de ladite boucle d'asservissement, 
de maniere que la reponse en boucle fermee 
de ladite boucle d'asservissement ait une va- 
leur inferieure a I'unite pour chaque multiple en- 

^5 tier de la frequence de rotation de disque, tout 

en etant suffisamment elevee pour fournir une 
Elimination notable des perturbations mecani- 
ques. 

50 4. Le dispositif selon la revendication 3, dans lequel 
ladite reponse en boucle fermee a une valeur infe- 
rieure a I'unite a toutes les frequences. 

5. Le dispositif selon la revendication 3 ou 4, compre- 
55 nant en outre 

des moyens pour commander les transduc- 
teurs d'enregistrement internes du disque 
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d'une maniere qu'une plurality de salves, cha- 
cune consistant en une pluralite de transitions, 
puissent etre ecrites autour de chacune de la 
pluralite de pistes situees en des positions ra- 
diales differentes; 5 

des moyens pour determiner et stocker les va- 
leurs de relecture du signal magnetique pour 
chacune desdites salves, ladite valeur de relec- 
ture etant mise a jour a chaque tour de rotation io 
du disque; 

des moyens pour ecrire ladite pluralite de sal- 
ves en une premiere parmi lesdites positions 
radiales; is 

des moyens pour creer un signal d'erreur de 
position de ladite boucle de commande a ser- 
vo-positionnement, par soustraction de ladite 
valeur de relecture pour chacune parmi ladite 20 
pluralite de salves ecrites en ladite premiere 6. 
position radiale, vis-a-vis de chacune parmi un 
premier jeu de valeurs de reference memori- 
sees, en un temps plus court que Pintervalle de 
temps existant entre les salves, ledit signal 25 
d'erreur de position entraTnant le deplacement 
dudit actionneur interne en une deuxieme des- 
dites positions radiales, de maniere que ledit 
signal d'erreur de position devienne proche de 
zero; 30 

des moyens pour ecrire ladite pluralite de sal- 
ves en ladite deuxieme position radiale, apres 
ecoulement d'un premier intervalle de temps 7. 
predetermine, pour permettre I'achevement 35 
dudit deplacement dudit actionneur interne a 
ladite deuxieme position radiale, chacune de 
ladite pluralite de salves en ladite deuxieme po- 
sition radiale etant ecrite dans les limites d'un 
deuxieme intervalle de temps predetermine, 40 
faisant suite a chacune desdites pluralites de 
salves ayant ete ecrites en ladite premiere po- 8. 
sition radiale, ledit signal d'erreur de position 
continuant a etre determine a partir desdites 
valeurs de relecture, a partir de ladite pluralite 45 
des salves ayant ete ecrites a ladite premiere 
position radiale; 

des moyens de sequencement repete, dans le 
processus de commutation, de la creation dudit so 
signal d'erreur de position de ladite boucle de 9. 
commande a positionnement d'asservisse- 
ment, pour produire une soustraction de cha- 
cune desdites valeurs de relecture a ladite plu- 
ralite de salves ecrites a ladite presente posi- ss 
tion radiale, vis-a-vis de chacune parmi un jeu 
de valeurs de reference m6moris6es, en un 
temps plus court que I'intervalle existant entre 



les salves, ledit signal d'erreur de position en- 
traTnant le deplacement de I'actionneur interne 
a la position radiale subsequente a laquelle le- 
dit signal d'erreur de position est proche de ze- 
ro, suivi par I'ecriture de ladite pluralite de rafa- 
les a ladite position radiale subsequente apres 
ledit premier intervalle de temps predetermine, 
afin de permettre I'achevement dudit deplace- 
ment dudit actionneur interne a ladite position 
radiale subsequente, chacune parmi ladite plu- 
ralite de salves a ladite position radiale subse- 
quente etant ecrite en un intervalle de temps 
subsequent predetermine faisant suite a cha- 
cune parmi ladite pluralite de salves ecrites a 
ladite presente position radiale, ledit signal 
d'erreur de position continuant a etre determine 
a partir desdites valeurs de relecture, a partir 
de ladite pluralite de salves ayant ete ecrites a 
ladite presente position radiale. 

Le dispositif selon la revendication 5, dans lequel 
ledit signal d'erreur de position est cree par sous- 
traction d'une valeur de relecture normalisee pour 
chacune de ladite pluralite de salves, vis-a-vis de 
chacune desdites valeurs de reference memori- 
sees, dans lequel ladite valeur de relecture norma- 
lised est calculee, par division de chacune desdites 
valeurs de relecture par son element correspondant 
dans un jeu, memorise, de valeurs, mesurees lors 
d'une rotation d'un tour supplemental du disque 
faisant suite a I'ecriture desdites salves mais avant 
le deplacement de I'actionneur. 

Le dispositif selon la revendication 5, dans lequel 
lesdites valeurs de reference memorisees utilisees 
dans la creation dudit signal d'erreur de position 
sont modifiees a des intervalles de temps, dans le 
processus de sequencement, pour que I'espace- 
ment d'une piste a Pautre suive intimement une for- 
me fonctionnelle souhaitee dans le disque. 

Le dispositif selon la revendication 7, dans lequel 
les changements des valeurs de reference memo- 
risees sont calcules sur la base de mesures des va- 
leurs de salves relatives entre les salves situees se- 
lon un ecartement d'une ou plusieurs positions ra- 
diates, ces mesures etant effectu6es en interrom- 
pant le processus de sequencement normal et en 
sauvegardant une ou plusieurs positions radiales. 

Le dispositif selon la revendication 7, dans lequel 
les modifications des valeurs de reference memo- 
risees sont differentes sur chaque secteur et sont 
calculees par utilisation de valeurs memorisees du 
signal d'erreur de position, tel que mesure durant la 
periode de temps pendant laquelle la salve corres- 
pondante a ete ecrite. 
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